Non-target impacts of insecticide treatments are a major public and 17 environmental concern, particularly in contemporary beekeeping. Therefore, it is 18 important to understand the physiological mechanisms contributing to 19 insecticide sensitivity in honey bees. In the present studies, we sought to evaluate 20 the role of esterases as the source of variation in insecticide sensitivity. To address 21 this question, the following objectives were completed: 1) Evaluated esterase 22 activity among honey bee stocks, 2) Assessed the correlation of esterase activity 23 with changes in insecticide sensitivity with honey bee age, 3) Established if 24 esterases can be used as a biomarker of insecticide exposure, and 4) Examined 25 the effects of Varroa mite infestation and viral infection on esterase activity. 26 Results indicated that honey bees have a dynamic esterase capacity that 27 is influenced by genetic stock and age. However, there was no consistent 28 connection of esterase activity with insecticide sensitivity across genetic stocks or 29 with age, suggests other factors are more critical for determining insecticide 30 sensitivity. The trend of increased esterase activity with age in honey bees 31 suggests this physiological transition is consistent with enhanced metabolic rate 32 with age. The esterase inhibition with naled but not phenothrin or clothianidin 33 indicates that reduced esterase activity levels may only be reliable for sublethal 34 doses of organophosphate insecticides. The observation that viral infection, but 35 not Varroa mite infestation, reduced esterase activity shows viruses have 36 extensive physiological impacts. Taken together, these data suggest that honey 37 bee esterase activity toward these model substrates may not correlate well with 38 insecticide sensitivity. Future studies include identification of esterase substrates 39 and inhibitors that are better surrogates of insecticide detoxification in honey 40 bees as well as investigation on the usefulness of esterase activity as a biomarker 41 of pesticide exposure, and viral infection. 42 Introduction 43 The history of honey bee kills upon contact with insecticides has been 44 documented since the advent of modern insecticides [1]. Beekeeper surveys 45 report that pesticide exposure significantly increases annual colony losses [2]. 46 Considering that a number of insecticides used in agriculture and vector control 47 exhibit high toxicity to honey bees and that honey bees regularly encounter 48 numerous of pesticides within the colony [3], potential synergistic interactions 49 among these pesticides [4] may contribute to poor colony health. 50 Insects possess an array of metabolic mechanisms such as esterases, 51 cytochrome P450s, and glutathione-S-transferases to detoxify pesticides, plant 52 allelochemicals, and other xenobiotics [5]. Esterases are a type of hydrolase that 53 metabolizes compounds by cleaving the ester bonds of a substrate resulting in 54 separate acid and alcohol products [6]. Quantitative increases [7] as well as 55 qualitative changes in esterase activity [8] may lead to reduction in insecticide 56 sensitivity. In honey bees, esterase expression and activity are upregulated in 57 response to exposure to p-coumaric acid [9], coumaphos [10], thiamethoxam 58 [11], deltamethrin, fipronil, and spinosad [12]. Esterase inhibitors significantly 59 increase sensitivity to phenothrin [13], tau-fluvalinate, cyfluthrin [14], 60 fenpyroximate, and thymol [15], suggesting that esterase-mediated 61 detoxification significantly influences pesticide sensitivity. Therefore, 62 understanding the factors that affect honey bee esterase activity may yield 63 insight into differences in insecticide sensitivity. 64 A myriad of factors such as age, diet, and genetics may affect insecticide 65 sensitivity [13, 16, 17], but little research has been done on the underlying 66 physiological mechanisms. Therefore, we decided to investigate a number of 67 common factors that previous work suggests may affect honey bee physiological 68 processes with a particular focus on esterase activity. 69 The current study aimed to tease apart several factors that influence 70 insecticide sensitivity and esterase activity in honey bees. 71 1) Esterase comparison among honey bee stocks. Earlier studies 72 demonstrated that insecticide susceptibility varies among Italian, Russian, and 73 Carniolan stocks of honey bees, and esterase inhibition has been shown to 74 increase sensitivity to phenothrin [13]. This led us to hypothesize that esterases may 75 contribute to variation in insecticide sensitivity among honey bee stocks and 76 across age. 77 2) Changes in esterase activity with age. Because of changes in pesticide 78 sensitivity occurring with increased age [13], we assessed esterase activity in 79 worker bees of different ages to compare if changes in esterase activity 80 correlated with changes in insecticide sensitivity. 81 3) Esterase inhibition by insecticides. Numerous sublethal effects of 82 pesticides have been demonstrated [18-20], and esterase activity has been 83 proposed as a biomarker of high levels of pesticide exposure [11, 12]. Therefore 84 we assayed the changes of esterase activity upon exposure to experimentally-85 determined sublethal levels of the insecticides naled, phenothrin, and 86 clothianidin. 87 4) Impacts of Varroa mite infestation and viruses on esterase activity. All 88 honey bee colonies in the US are infested with the ectoparasitic mite, Varroa 89 destructor (hereto referred to as the Varroa mite). Varroa mites and the 90 associated viruses they transmit are among the most significant factors relating to 91 colony failure [21, 22]. These factors were both tested because mite infestation 92 and viral infection alone and in combination have multifactorial effects on honey 93 bee physiology and response to insecticide activity [20, 23, 24]. Therefore, the 94 effects of Varroa mite infestation and viral infection on esterase activity were also 95 investigated. Results are discussed in terms of how progression through the honey 96 bee's life history and the impact of biotic factors influence esterase capacity. We 97 further suggest the notion of developing esterases as a potential biomarker of 98 insecticide exposure and viral infection. 99 Materials and Methods 100 Esterase comparison among honey bee stocks 101 Esterase Assays 102 The model substrates for esterase activity (1-naphthyl acetate (1NA), para-103 nitrophenyl acetate (PNPA)), Fast Blue B, sodium dodecylsulfate, and Bradford 104 Reagent were obtained from Sigma (St. Louis, MO). 1NA and PNPA were used 105 because they are model substrates that are representative of general esterase 106 and cholinesterase activity, respectively [25]. 107 Esterase activity was performed according to established protocols 108 modified for a 96-well plate [26]. Bee abdomens were homogenized with a 109 disposable pestle in 1 ml of 100 mM sodium phosphate buffer (pH 7.4) in a 110 microcentrifuge tube. Samples were spun for 10 m at 4 o C at 10,000g. The 111 supernatant was diluted 1:10 in 100 mM sodium phosphate buffer (pH 7.4) for use 112 in esterase and Bradford assays. 113 For 1NA endpoint assays, 20 ul of homogenate was added to a well of a 114 96-well plate (model 9017, Corning Life Sciences, Corning NY) in duplicate. Each 115 well received 200 ul of 0.3 mM 1NA (final concentration, dissolved in 100 mM 116 sodium phosphate buffer (pH 7.4)). Plates were held at room temperature (RT) for 117 15 min. Fifty ul of staining solution (0.15 g Fast Blue B dissolved in 15 ml distilled 118 water and 35 ml of 5% (w/v) sodium dodecylsulfate), and color was allowed to 119 develop for 5 m at room temperature. Plates were read at 570 nm in a 1NA PNPA Substrate Carniolan Italian Russian
week following standard protocols [33] . Viral titers were determined using 240 standard curves generated from plasmid standards containing the sequence 241 listed above (generated by GeneArt, Invitrogen). Linearized plasmid standards 242 containing 10 5 to 10 12 copies per reaction were used as templates to assess primer 243 efficiency and quantify the amount of virus following standard practices [34] [35] [36] .
244
Linear standard equations were generated using the log 10 of the initial plasmid 245 copy number. The genomic region encoding a capsid protein for each of the 
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Newly emerged adult bees (<1 h) from 3 colonies were collected into a 20 252 ml scintillation vial and chilled on ice. Bees were injected between the dorsal 253 abdominal tergites with 3 ul of semi-purified virus (DWV @ 10 7 copies/ul; CBPV @ 254 10 4 copies/ul; BQCV @10 7 copies/ul) using a Hamilton syringe fitted with a 30G 255 needle at an infusion rate of 1ul/sec using a Micro4TM Microsyringe Pump
256
Controller adapted from standard methods [33, 39] . Two sets of control bees were 257 either uninjected or injected with PBS. Adults were collected in to a wax paper 258 cup provisioned with a cotton ball with 50% sucrose solution and held in an 259 incubator at 33+1 o C with 70+5% RH in continuous darkness until 3-days of age.
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Survivors were collected and stored at -80 o C until used in esterase assays as bees from colonies with normal demographics (=0.80, df=3, p=0.20; Fig 3A) , but 289 older bees (i.e. 21-and 28-day old bees) were significantly less sensitive to 290 phenothrin than younger bees (i.e. 3-and 14-day old bees). Naled sensitivity 291 significantly increased with age in honey bees from colonies with normal 292 demographics (=-1.00, df=3, p<0.01; Fig 3B) . Phenothrin sensitivity did not 293 correlate with esterase activity towards 1NA (=0.00, df=3, p=1.0; Fig 4A) Fig 5) .
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Exposure to sublethal treatments of phenothrin or clothianidin did not significantly 326 affect 1NA or PNPA activity 24 hours post treatment ( Fig 5) . Further application of 327 lower sublethal doses of naled resulted in dose-dependent inhibition of 1NA (=-328 0.82, df=7, p=0.02) and PNPA activity (=-0.75, df=7, p=0.05, Fig 6) . Inhibition of 329 PNPA activity was greater than inhibition of 1NA activity at 0.05 ug/bee ( 2 =12.5, 330 df=1, p<0.01) and 0.066 ug/bee ( 2 =13.6, df=1, p<0.01; Fig 6) . 440 Our results show that esterase activity increases with age in honey bees. This 441 is consistent with the increase in cytochrome P450 and glutathione-S-transferase 442 activities with age documented in honey bees [49, 51] . Sensitivity decreases to 443 the pyrethroid, phenothrin, with age, while sensitivity increases to the OP, naled 444 (Fig 3; [13] ). Both P450s and esterases are involved in determining phenothrin 445 sensitivity [13] . However, the lack of correlation of esterase activity with phenothrin 446 sensitivity suggests that other factors, such as P450s, may be more important than 447 esterases for causing the changes in phenothrin sensitivity with age. The increase 23 448 in naled sensitivity with age is contradicted by the increase in esterase activity 449 with age.
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Previous work that showed that decrease in phenothrin sensitivity and an 451 increase in naled sensitivity as honey bees aged in single cohort colonies, which 452 are comprised of bees that are of the same chronological age but shift 453 physiologically to conduct the different tasks needed for a functioning hive that 454 would typically be divided across bee ages (e.g. feeding larvae vs. foraging) [13] .
455
Those results are consistent with the results reported here for colonies with normal 456 demographics (Fig 3) . The similar changes in esterase activity and insecticide 457 sensitivity with age in both types of colonies suggest that altered colony 458 demographics do not affect insecticide sensitivity under our experimental 459 conditions. It also suggests that chronological age is more significant than task 
